1. I n t r o d u c t i o n . -The h i g h temperature i n t e r n a l f r i c t i o n (A) spectrum of a-Zr is domin a t e d by a peak (P2) a t -550°C ( 1 . A p l o t of I n f (f is frequency) v s . rec i p r o c a l peak temperature (l/T(P ) ) y i e l d s t h e r e l a x a t i o n enthalpy, % = 2.5 eV, and 2 l i m i t i n g r e l a x a t i o n time, r o = 10-l6 S; P i s about twice a s broad a s a simple Debye 2 peak").
The
h e i g h t of P* (and A throughout t h e high-temperature spectrum) i s reduced by h e a t t r e a t m e n t s which i n c r e a s e t h e g r a i n s i z e . Hence, i t is n o t s u r p r i s i n g t h a t some have a t t r i b u t e d P2 t o grain-boundary r e l a x a t i o n . We have shown (4) t h a t P cannot be a s s o c i a t e d w i t h o r d i n a r y g r a i n boundaries a s is t h e c a s e w i t h s i m i -2 l a r r e s u l t s on o t h e r pure m e t a l s ( 5 ) . This paper o u t l i n e s a d e t a i l e d study of amplit u d e (E) dependence i n t h e v i c i n i t y of P2. The r e s u l t s a r e a t t r i b u t e d t o thermally a c t i v a t e d unpinning of d i s l o c a t i o n s , l o n g i t u d i n a l c
o r e d i f f u s i o n and t r a n s v e r s e c o r e d i f f u s i o n . I n t h e following, t h e s e phenomena a r e simply r e f e r r e d t o a s unpinning, LCD and TCD, r e s p e c t i v e l y .
2. Material.-Measurements of A i n f l e x u r e (f = 4 Hz) by both t h e f r e e decay and cons t a n t -~ techniques(6) were c a r r i e d o u t on c o l d -r o l l e d s t r i p of nominally 5N pure Z r .
I n t e r s t i t i a l impurity c o n c e n t r a t i o n s (ug/g) were found by a n a l y s i s t o be: H < 5; N = 6; and 0, 17 t o 23. R e s u l t s s i m i l a r t o t h o s e presented below were obtained w i t h specimens annealed f o r a few hours i n t h e temperature range 500 t o 700°C o r v i b r a t i o nannealed overnight (16 h) a t 400°C i n t h e pendulum(4).
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) and P1 ( 2 53O0C) a s shown by t h e d i f f e r e n c e curve i n f i g u r e 1.
With i n c r e a s i n g E, b o t h P and P s h i f t t o lower T (as expected f o r thermally a c t i -0 1 vated processes) w h i l e P2 s h i f t s s l i g h t l y t o h i g h e r T (anomalous behaviour).
A vs. T, E c o n s t a n t ( f i g u r e 2)
NOYlNAL STRAIN AURITUOE. N F i g . 1 I n t e r n a l f r i c t i o n v s . temperature Fig. 2 I n t e r n a l f r i c t i o n v s . s t r a i n amplif o r two c o n s t a n t s t r a i n amplitudes.
t u d e a t s e l e c t e d c o n s t a n t temperatures. An important p r e d i c t i o n of t h e BHR t h e o r y i s t h a t t h e modulus d e f e c t (q) a s a f u n c t i o n of E i s 0.5 Ao, i . e . h a l f t h e peak h e i g h t , a t t h e peak p o s i t i o n , and s a t u r a t e s a t n = A0 f o r l a r g e E. This i s confirmed experimentally i n r e g i o n 1 (480°C) a s shown i n f i g u r e 3 . F i g . 3 I n t e r n a l f r i c t i o n and modulus d e f e c t a s a f u n c t i o n of s t r a i n amplitude a t 480°C i n r e g i o n 1 ( l e f t ) and a t 512°C i n r e g i o n 2 ( r i g h t ) .
(b) Region 2 (493 -580°C). A peak moves slowly t o lower E w i t h i n c r e a s i n g T. Its h e i g h t a f t e r s u b t r a c t i o n of t h e low E background remains approximately constanf. Al-
though s i m i l a r i n shape t o t h e peak i n r e g i o n l, q/A i n region 2 i s s i g n i f i c a n t l y 0 g r e a t e r t h a n 0.5 a s shown i n f i g u r e 3. A p l o t of T v s . E a t t h e peak i s a s t r a i g h t l i n e . Its i n t e r c e p t a t z e r o E implies a r e l a x a t i o n enthalpy f o r P1 of 1.86 eV. A t 493OC t h e curve i s made up of two peaks because of overlapping region 1 and r e g i o n 2 behaviour.
(c) Region 3 (590 -650°C). A peak moves back, anomalously, t o higher E with increasi n g T.
The complex behaviour i n regions 2(P ) and 3(P ) is s i m i l a r t o t h e behaviour pre-1 2 d i c t e d t h e o r e t i c a l l y f o r LCD and TCD. Liicke and ~c h l i p f " ) were t h e f i r s t t o show t h a t both LCD and TCD g i v e rise t o r e l a x a t i o n peaks. Subsequently, t h e i r model f o r a n ensemble of double-loops was thoroughly i n v e s t i g a t e d by ~i n k l e r -~n i e w e k ' " ) . 
r ) . There i s evidence t h a t U. f o r impurity i n t e r s t i t i a l s i n t h e h.c.p. t r a n s i t i o n 3 metals c a n be as h i g h a s vb3/6(11) (p i s t h e s h e a r modulus). For U-Zr, ub 16 = 1.55 eV, s o t h a t PO i s c o n s i s t e n t with unpinning from an impurity i n t e r s t i t i a l . Core Diffusion. LCD i s s i m i l a r t o unpinning. A c r i t i c a l s t r e s s (oc) plays a r o l e s i m i l a r t o t h e unpinning s t r e s s ( a u )
. Once oc i s exceeded, t h e r e i s a n i n c r e a s e i n t h e f r e e dislocation-length. Thus, i t i s n o t s u r p r i s i n g t h a t t h e shapes of t h e curves f o r A vs. E a r e s i m i l a r i n region 1 and r e g i o n 2. LCD is governed by a r e l a x a t i o n time (r ) g i v e n by (10)
i s t h e mean loop-length, DL i s t h e LCD c o e f f i c i e n t , a i s t h e a p p l i e d s t r e s s (a = REE i n f l e x u r e experiments; E is Young's modulus and R i s t h e o r i e n t a t i o n f a c t o r ) , 2 . TIL = 0.5 pb is t h e l i n e t e n s i o n , and k i s Boltzmann's c o n s t a n t . The expressions f o r 
i s t h e d e f e c t d i s t a n c e from t h e double-loop c e n t r e and DT is t h e TCD coeffic i e n t . I f , up t o t h e given amplitude, t h e l o n g i t u d i n a l d i s t r i b u t i o n i s 'frozen-in' (q f i x e d ) , then t h e peak i s €-independent up t o t h a t amplitude. However, i f a t a higher E , l o n g i t u d i n a l r e l a x a t i o n becomes p o s s i b l e , t h e TCD peak w i l l show weak E-de-

-
pendence through (l-q /fi2) i n q u a l i t a t i v e agreement with P 2'
We assume t h a t t h e same d e f e c t s cause PO and t h e P /P complex. Then 
k~) . Thus LCD i s much f a s t e r than TCD a s expected i n t u i t i v e l y . Also, t h e p r e d i c t e d v a r i a t i o n of T(P ) w i t h E when t h e r e i s l o n g i t u d i n a l m o b i l i t y ( l O )
, can 2 show a n i n c r e a s e w i t h E i n t h e unexpected s e n s e observed i n region 3.
A comparison of r e g i o n 2(P ) r e s u l t s and theory i s shown i n f i g u r e 4. The ex- 
Fig. 4 Comparison of t h e o r e t i c a l and experimental curves f i t t e d a t t h e peak p o s i t i o n . perimental v a l u e s were m u l t i p l i e d by c o n s t a n t f a c t o r s t o f o r c e a f i t a t t h e peak posit i o n . This is e q u i v a l e n t t o f i x i n g AE' (A i s t h e d i s l o c a t i o n d e n s i t y ) and R. A t t h e h i g h e s t E v a l u e s , t h e adapted t h e o r y i s i n good agreement w i t h t h e r e s u l t s f o r both A and Q. A t t h e lowest E v a l u e s t h e f i t i s poor. This is caused by comparing t h e overs i m p l i f i e d double-loop t h e o r y w i t h r e s u l t s f o r multi-pin c o n f i g u r a t i o n s .
I n such a c a s e , a c i s v e r y s h a r p l y defined, accounting f o r t h e almost s t e p -l i k e i n c r e a s e i n A observed experimentally.
The T v a r i a t i o n of t h e A v s . E peaks i n r e g i o n 2(P ) is shown i n f i g u r e 5. Lim-1 
Fig. 5 Comparison of t h e o r e t i c a l and experii mental r e s u l t s f o r t h e p o s i t i o n of t h e A v s . E
_ peaks i n r e g i o n 2(P1) of f i g u r e 2.
---___
EFFECTIVE SiRAlN mPLITUOE XIO'
i t i n g v a l u e s of R = 1 and R = 2 / ( 3~) a r e assumed and t h e r e s u l t s compared w i t h t h o s e c a l c u l a t e d . Considering t h e u n c e r t a i n t i e s i n t h e parameters and t h e l i m i t a t i o n s of t h e t h e o r e t i c a l model, f i g u r e 5 shows e x c e l l e n t agreement between theory and experiment.
The experimental r e s u l t s i n f i g u r e 3 suggest t h a t n/AO can b e use? 5. Map of t h e T-E Plane.-I n t h e BHR theory, t h e unpinning boundaries i n t h e l'-E p l a n e a r e e a s i l y c a l c u l a t e d ( 7 ) . Also, t h e boundaries of 'instantaneous' c o r e d i f f u s i o n , 2 w.cL = 1 and w-rT = 1 can be c a l c u l a t e d . These boundaries and t h e experimental res u l t s a r e shown i n f i g u r e 6. The arrow i n d i c a t e s t h e range of E covered experiment a l l y . With t h e a i d of t h i s map, a l l of t h e complex and apparently anomalous r e s u l t s i n f i g u r e s 1 and 2 a r e e a s i l y i n t e r p r e t e d . w i l l proceed, with a t i m e c o n s t a n t T~, a t temperatures much lower than T(P1). This s u g g e s t s a n experiment t o confirm t h e i n t e r p r e t a t i o n s of PO and P given above. It 1 i s a demonstration t h a t e i t h e r unpinning o r LCD can be observed a t t h e same temperat u r e , depending upon t h e observation time. Another specimen was used and t h e r e s u l t s a r e given i n f i g u r e 7. The f u l l curves (rl/AO = 0.49) t r a c e d i n < 10 s a r e due t o un- 
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JOURNAL DE PHYSIQUE pinning. The broken curves (n/A0 = 0.77) obtained by t h e constant-E method (90 S v i b r a t i o n a t each s t e p i n c r e a s e i n E ) a r e due t o LCD. These r e s u l t s a l s o demonstrate t h a t t h e d e f e c t s involved i n PO and P a r e indeed t h e same. 1 6. Discussion.-I f D is t h e bulk-diffusion c o e f f i c i e n t f o r t h e s p e c i e s of d e f e c t i n -B volved, i t i s expected, i n t u i t i v e l y , t h a t DL > DT = DB. Since DT is v e r y c l o s e t o t h e d i f f u s i o n c o e f f i c i e n t f o r oxygen i n u -~r "~) over t h e T range of PO, PI and P2, we i d e n t i f y t h e d e f e c t s involved a s oxygen i n t e r s t i t i a l s . Liicke and ~c h l i p f have argued t h a t D and DT should be comparable and t h a t t h e TCD boundary i n f i g u r e 6 L should b e a t lower temperatures t h a n t h e LCD boundary. This i s i n c o n s i s t e n t w i t h our r e s u l t s . The TCD peak (Pg) can be subsumed i n t o t h e c l a s s of peaks a t t r i b u t e d t o t h e Snoek-KGster (13-14) r e l a x a t i o n . Our treatment of P is c o n s i s t e n t w i t h r e c e n t models of t h e Snoek-K6ster r e l a x a t i o n , provided t h a t t h e enthalpy of double-kink formation is n e g l i g i b l e compared w i t h t h e enthalpy of TCD. F i n a l l y , i t should b e noted t h a t t h r e e peaks s i m i l a r t o PO, P and P have been 1 2 observed i n ~i l v e r ' '~) . Core r e d i s t r i b u t i o n of impurity i n t e r s t i t i a l s appears t o b e a g e n e r a l phenomenon which c o n t r i b u t e s peaks t o t h e low frequency, i n t e r n a l f r i c t i o n s p e c t r a o f ' deformed metals.
